Abstract: pH and temperature dual responsive hydrogels based on itaconic acid (IA) and N-isopropylacrylamide (NIPAAm) were prepared by means of water and dioxane as mixed solvents. The chemical compositions, structures and morphologies of these hydrogels were characterized by FTIR, TGA and SEM, and their pH and temperature responsive behaviours were investigated through equilibrium swelling ratios, deswelling and reswelling kinetics. The results showed the hydrogels fabricated in this condition had expanded chain conformations and macroporous network structures, and exhibited the larger swelling ratios as well as improved deswelling/reswelling dynamics.
Introduction
Compared with conventional hydrogels, stimuli-sensitive hydrogels have attracted increasing scientific and technological interest in recent years. They can undergo volume transitions in response to external physical or chemical stimuli such as temperature [1] [2] [3] , pH [4, 5] , solvent composition [6, 7] , ionic strength [8] , magnetic field [9] , electric field [10] , light [11] , and antigen [12] . Among multi-stimuli-sensitive hydrogels, temperature-and pH-dual responsive hydrogels are the most favourable members because temperature and the pH value are not only the most important environmental factors in the biomedical systems but also can be controlled easily.
Poly(N-isopropylacrylamide) (PNIPAAm) was always used to impart thermosensitivity which undergoes a reversible volume phase transition at 32-34 °C [lower critical solution temperature (LCST)]. Below the LCST, PNIPAAm can dissolve well in water. But as the temperature is increased above the LCST, it becomes hydrophobic and precipitates out from the water solution [13] .
Correspondingly, polyelectrolyte gel such as poly(acrylic acid) (PAAc), poly(itaconic acid) (PIA) were often used as pH-sensitive part. It swells in basic solutions and contracts in acid solution according to the surrounding conditions owing to the presence of the ionizable groups in polymer chains.
During the last decade a number of pH and temperatures dual responsive hydrogels have been synthesized for cell transportation [14] , removal of phenol from water [15] and controlled drug delivery [16] . Unfortunately, some problems still remain unsolved.
For example, in the field of some drug delivery systems where large water load is desired and the conventional method, i.e. introduction of more highly hydrophilic electrolyte monomers, often results in the suppression even elimination of thermosensitivities, as revealed by several reports [17, 18] .
To solve the problems here, a series of P(NIPAAm-co-IA) hydrogels were prepared in dioxane and water mixed solutions without changing monomer molar ratios. Resultant hydrogels were characterized by Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) and scanning electron microscopy (SEM) to investigate their chemical compositions, structures and morphologies. Equilibrium swelling ratios, deswelling and reswelling kinetics were also carried out at different temperatures and pHs to check their pH and thermo-sensitivities.
Results and discussion

Preparation of hydrogel
The chemical structures and the process of preparation the hybrid hydrogels are shown in Figure 1 . Gels began to form several hours later which may be attributed to the low reaction temperature and the low amount of the initiator KPS and accelerator TMEDA. And with the increase of dioxane content, the gelation time becomes longer. This is maybe due to the gelation retardation effect induced by the dioxane. Physical appearances of the formed hydrogels are shown in Figure 2 . It can be observed that from G80 to G44, the gels are transparent, while G35 shows phase separation. Fig. 1 . The structures of the monomers and crosslinker and synthetic procedure for P(NIPAAm-co-IA) Hydrogels.
Although both water and dioxane are good solvents for PNIPAAm and its copolymers, the mixture of water and dioxane is often a poor solvent [6] . During the copolymerization of NIPAAm and itaconic acid in water/dioxane mixture, the obtained copolymer chains undergo a coil-to-globule transition which even lead to precipitation. The exact nature of the cononsolvency behaviour of linear chains and the corresponding re-entrant phenomenon observed with hydrogels are still confusing [7] . According to the references, water/dioxane micelle-like clusters or complexes are probably present in water-dioxane mixtures, depending on the mixture composition; so the competitive interactions between dioxane, water and PNIPAAm exist which may be the origin of cononsolvency of PNIPAAm and its copolymers [19] . In distilled water, attractive interactions between polymer chains and water molecules overwhelmed the attractions between the polymer chains. When dioxane was added, the two solvents had an attractive interaction resulting in an increase in the free energy for polymer-polymer contact. The increase in the affinity among polymer segments could result in the collapse of the polymer network [20] and the phase separation [21] .
Fig. 2.
Optical photos of the formed P(NIPAAm-co-IA) hydrogels (before disposal).
From the left to the right: G80, G71, G62, G53, G44 and G35, respectively.
During the copolymerization in the dioxane-water mixtures, the poly(Nisopropylacrylamide-co-itaconic acid) chains were forced to take twist conformations and the resulted elastic strain energies were stored. But after purification, the dioxane was replaced by water, the entangled polymer chains tend to extend, relax and the stored elastic strain energies were released, leading to the formation of the honeycomb structures. Fig. 3 . Optical photos of the swollen equilibrium P(NIPAAm-co-IA) hydrogels. From the left to the right: G80, G71, G62, G53, G44 and G35, respectively. The more energy stored, and the more expanded the chains were after releasing. The samples after purification are shown in Fig. 3 . It is easier to find that with increase in dioxane usage, the volume of swollen gels or the water content increases remarkably which is consistent with its looser structures, except G44. The equilibrium swelling ratio of G44 is very close to G53 and the real reason is not clear to us yet.
From gravimetric determination, we could find the conversion efficiency of the hydrogels from G80 and G35 showed very little change and was above 96%. As the gelation was close to 100%, the molar ratio percentage of the monomers (i.e., NIPAAm/IA) in the obtained hydrogels was equal to the initial feed compositions. Furthermore, the P(NIPAAm-co-IA) hydrogels were subjected to acid-base analysis after extraction [22] and the result further supported the conclusion. This phenomenon is quite different from the experiments where gels prepared were using acetone [23, 24] or tetrahydrofuran (THF) [25] [26] [27] as cosolvents. The comparison and the mechanism of the differences are in preparation and will be present in succeeding paper in the future. Figure 4 illustrates the FTIR spectra of the P(NIPAAm-co-IA) hydrogels. There is little difference in the IR spectra of all hydrogels due to the fixed feed ratio of NIPAAm to IA and the high conversion efficiency which is in agreement with above gravimetric determination results. The OH stretching vibrations of carboxylic acid groups of IA and NH stretching vibration of NIPAAm locate in the range of 3700-3100 cm −1 (band a ), characterized with a broad band in each spectrum. The peak at approx. 1730 cm −1 (band b) comes from the typical carbonyl vibration in IA. A strong peak prominently witnessed at 1650 cm−1 (band c) resulted from the C=O stretching vibration in a typical amide-I band of NIPAAm; and the typical amide-II band is evident at approx.1550 cm −1 (band d).
FT-IR
TGA
Thermo-gravimetric analysis was used to investigate the thermal stabilities and crosslink densities of the prepared hydrogel, as shown in Fig. 5 . The weight loss curves of the six dried hydrogels are shown together. Each of the hydrogels displays almost the same TG curve. It means that they have nearly the same chemical compositions, structures and crosslink densities after drying which is in accordance with the IR results. There is a step in each of the curves in the temperature range 50-150 °C indicating the initial thermal event occurs where all samples loss about 15% weight. This maybe attributed to the evaporation of residual water restrained by the hydrophilic bonds in the hydrogels [28] . And all the decomposition temperatures are beyond 350 °C, manifesting good thermal stabilities. 
SEM
The surface morphology of the freeze-dried hydrogels is revealed by scanning electron microscopy (SEM), as shown in Fig. 6 . It can be found that all of the hydrogels prepared in dioxane and water mixed solvents exhibit micro-even macrohoneycomb-like porous structures after freeze-drying while the surface morphology of conventional hydrogel prepared in distilled water is dense, smooth and homogeneous.
Fig. 6. the SEM images of the hydrogels. (a) G80, (b) G71, (c) G62, (d) G53, (e) G44 and (f) G35
With the addition of dioxane, there is less penetration, coiling, and entanglement of polymer chains and the formed polymer network is more expanded. The pore size of G35 is even ca. 5 times higher than the others made in water-dioxane medium. So, water molecules can be easily diffused in and out. Therefore, the reswelling or deswelling dynamics could be improved which would be reflected from reswelling or deswelling kinetics experiments as discussed below. Figure 7 compares the temperature-dependent ESRs profiles of the hydrogels prepared via the mixed-solvents and the conventional hydrogels prepared in deionized water. As can be seen, the feed volume ratios of water to dioxane have a great impact on the equilibrium swelling ratios of the P(NIPAAm-co-IA) hydrogels. At room temperature, the resultant P(NIPAAm-co-IA) hydrogels show increasing equilibrium swelling ratios with decreasing feed ratios of water to dioxane (G80<G71<G62<G53≈G44<G35). In detail, the equilibrium swelling ratios of G35, G44, G53, G62, G71 and G80 are 419. 1, 190.2, 197 .5, 132.7, 115.7and 65.2 g H 2 O/g dry hydrogel, respectively. Compared with the conventional hydrogel, the mixedsolvents hydrogel shows much higher equilibrium swelling at room temperature which tails with its macroporous structures. And the higher dioxane contents led to more loosely cross-linked networks, and thus increased the swelling ratios of the hydrogels. From 25 °C to 35 °C, the ESR changed little suggesting that the hydrogen-bonding interactions between polymer chains and water were dominant within these temperature period. As the medium temperature rose up to about 45 °C, the ESR of all the gels decreased dramatically. It means there was no significant loss of thermosensitivity for these gels although the transition temperatures were shifted towards right and broadened with all P(NIPAAm-co-IA) gels relative to the poly (NIPAAm). This deviant from the normal curve of P(NIPAAm) may be ascribed to the incorporation of highly hydrophilic monomer, itaconic acid. In the end, when temperature reaches 55 °C, there is almost no difference in the ESR and little decrease as temperature elevates further. 
Thermo sensitivities
pH sensitivities
The equilibrium swelling of the P(NIPAAm-co-IA) hydrogel samples were kept in solutions with various pHs ranging from 1.67 to 9.18 and measured until the equilibrium was reached, as shown in the Fig. 8 . It can be found that the swelling ratio of the hydrogels continuously increases from pH 1.67 to 9.18. For example, the swelling ratio of G44 in pH 1. and 39.8, respectively. In the pH region below the pKa [22] value of itaconic acid, most carboxylic acid groups were protonated in the form of -COOH, and the resulting hydrogen bonds between nonionic hydrophilic -COOH and -CONH of NIPAAm restricted the expansion of the network causing the hydrogel to compact. As the pH value of the buffer solution increased, some carboxylate groups were ionized and transformed into the ionized form (-COO -). The electrostatic repulsion between the ionized groups caused the hydrogels to swell. In addition, Fig. 8 also revealed that at each pH conditions, the swelling ratio depended on the chain conformations and network structures. For instance, at pH 9.18, the swelling ratio of G80, G71, G62, G53, G44 and G35 are 32.3, 35.3, 37.1, 40.8, 39.8 and 48.2, respectively. Of course, these swelling ratios exhibited in pH buffer solutions are quite smaller than those manifested in distilled water, which can be attributed to the charge-screening effect [29] . 
Deswelling kinetics
Normally, hydrogels with expanded and porous structures exhibit the fast deswelling kinetics [23, 24, 27] . However, in distilled water, the deswelling rate of gels which prepared via mixed solvents was not so fast, as shown in Fig. 9a . For example, all the samples from G35 to G80 need about 120 minutes to shrink to equilibrium and the difference among the gels was inconspicuous. The result maybe be explained as follows: On one hand, the presence of poly(itaconic acid) linear chains is effective in facilitating deswelling, making the surface of the gel difficult to form a skin layer. Thus, the deswelling rates of all P(NIPAAm-co-IA) hydrogels were better than that of pure PNIPAAm hydrogels. On the other hand, as the hydrophilicity of gels were greatly improved, hydrophobic polymer aggregation forces in the phase transition are apparently weakened because hydrated charged itaconic acid units disrupt regular aggregation of isopropylamide groups in polymer chains [30] and more hydrogen forms between polymer chains and water. As a result, the difference between porous and nonporous gels was not distinct and similar deswelling rates were observed. Even then, it was still worth noticing that the porous hydrogel was superior to the nonporous hydrogel in the magnitude of its swelling ratio during the deswelling processes. Within 2 hours, the water-loss of G35 is as high as 401.5, while that of G44, G53, G62, G71 and G80 are 175.3, 176.4, 127.7, 111.9 and 61.8, respectively.
As seen here, the water-loss of the resulting hydrogels were found to become larger with increasing amount of the dioxane and this result agrees well with its corresponding chain conformations and network structures. This feature could be particularly beneficial in controlled drug release applications because gels prepared with more dioxane can carry and release more water or drugs, in other words, it means less amount of gels are needed to achieve the same drug release as conventional P(NIPAAm-co-IA) gels. The deswelling was further conducted in pH 1.67 buffer solutions and the acceleration effect brought from the macroporous structures was obvious, as illustrated in Fig. 9b . It can be found that only G35 can shrink and lose water fast while the other gels exhibit the slow response. Even after 2 hours, the swelling ratio of G44, G53, G62, G71 and G80 are still as high as 114.8, 117.1, 62.2, 60.4 and 37.5, respectively. In such low pH values, the ionized carboxyl -COO -turns to protonated form, -COOH, when the specimens were transferred from distilled water to pH 1.67 buffer solutions, and the resulting hydrogen bonding between polymer chains made the network hard to move. More important, a thick, dense layer formed on its surface, which prevented water molecules from being squeezed out and resulted in the slow response rate [31] . These results indicate that the porous of gel G35 were large enough, effective in excluding water out of networks through the pores regardless of any undissociating P(itaconic acid) chains.
Since, itaconic acid has two pKa values, it was reasonable to control the deswelling through the competition of stepwise ionization of carboxyls and the formation of dense skin layers. That is to say modulated deswelling behaviours can be achieved through external pH surroundings.
Reswelling kinetics
The reswelling kinetics of the freeze-dried P(NIPAAm-co-IA)hydrogels were measured in distilled water at room temperature (25 °C) and the plots of water uptake as functions of time are shown in Fig. 10 . As can be clearly seen the reswelling rates increased as the level of dioxane increased, from G80 to G35. G35 sharply absorbed about 310.9 times water within 30 minutes and 410.5 within 60 min, whereas G80 absorbed only about 35.4 and 51.1, respectively, within the same time frames. The swelling rate is in the order of G35>G44≈G53>G62>G71>G80. This phenomenon can be attributed to the porous and expanded structures still preserved in freezedried gels. When gels reswell, three steps occur in succession [32, 33] : (1) water molecules diffuse into the hydrogel network, (2) the hydrated polymer chains become relaxed, and (3) the polymer network expands into the solvent. After the water extraction during freeze-dry procedure, the high connected pores, relaxed chains and expanded networks could be maintained somewhat in the final dry product, favoured for all the above three steps, thus, resulting in absorbing lots of water in a short time. 
Conclusions
This article proposes a novel method to prepare macroporous, pH and temperature double responsive P (NIPAAm-co-IA) hydrogels from different ratios water/dioxane mixed solvents. The conversion efficiency is very high and the chemical compositions, structures of the resultant hydrogels are similar. The main difference of these hydrogels lay in the chain conformations and its network structures. With the increase of dioxane, the swelling ratios and deswelling and reswelling kinetics were improved markedly. These macroporous P(NIPAAm-co-IA) hydrogels prepared with the mixed solvent method have the potential (especially, with appropriate crosslink density and hydrophilic comonomer content) to be used in the controlled drug delivery system with both thermo-and pH-responsive release behaviours.
Experimental part
Materials N-isopropylacrylamide (NIPAAm, Acros) purified by recrystallization from a mixture of toluene and n-hexane (v:v=3:2) and itaconic acid (IA, purity>99%) purchased from Aldrich were used as monomers. N,N'-methylenebisacrylamide (BIS) purified by recrystallization from methanol were used as a crosslinking agent, potassium 
Preparation of hydrogel
Monomers NIPAAm, IA and crosslinker (BIS) at fixed molar ratios were fully dissolved in premixed water/dioxane solvents at 15 °C. Then the initiator KPS and accelerator TMEDA were added and the mixtures were allowed to copolymerize for 24 h at this temperature. The resultant hydrogels were cut into discs (10 mm in diameter, 1 mm in thickness) and immersed in distilled water at 5 °C to extract dioxane, unreacted monomers and linear polymers. During the purification period, the distilled water was replaced every day for a week. The resulting P(NIPAAm-co-IA) hydrogels were designated as G80, G71, G62, G53, G44 and G35, respectively. And the feed compositions of the monomers, crosslinker and mixed solvents compositions are listed in Table 1 . 
Preparation of pH Buffer Solutions
Standard pH buffer solutions were prepared according to IUPAC STANDARDS AND PROCEDURES. The pH and Compounding way are listed in Table 2 . The ionic strength of pH buffer solutions were adjusted to uniform (I=0.05 mol.Kg -1 ) using NaCl. All the optical images were recorded using Canon A510 cameras.
-FT-IR For FT-IR measurements an RFX-65A spectrometer (Analect, USA) was used. The hydrogel samples were dried in vacuum at 50 °C for 48 h till constant weight. The dried samples were embedded in KBr disks after being ground into powder. The scanning wave number ranged from 4000 to 500 cm
The TGA thermograms were recorded on a PerkinElmer-7 at a heating rate of 10 °C/min under N 2 protection over a temperature range from room temperature to 500 °C.
-Surface morphology observation
Scanning electron microscopy (SEM, JSM-5910, Japan) was used to study the surface morphologies of the hydrogels. To prepare samples for SEM, the swollen hydrogels were freeze-dried and then sputter coated with gold.
-Thermo sensitivities
The thermo sensitivities were characterized through temperature dependence of swelling ratio of hydrogels and measured gravimetrically after carefully blotting surface water with moistened filter paper in the temperature range from 25 °C to 60 °C. Hydrogel samples were immersed in distilled water for at least 24 h at each predetermined temperature. The average value of three measurements was taken for each sample, and the swelling ratio (SR) is defined as follows:
where W s is the weight of swollen hydrogel at the particular temperature and W d is the dry weight of the hydrogel.
pH sensitivities
The pH sensitivities of the hydrogels were characterized through pH dependence of swelling ratio of hydrogels and measured gravimetrically after carefully blotting surface water with moistened filter paper at ambient temperature (25 °C). Hydrogel samples were immersed in various pH buffer solutions for at least 24 h. The average value of three measurements was taken for each sample, and the swelling ratio (SR) is defined as follows:
Swelling ratio: SR=(W s -W d )/ W d ;
where W s is the weight of swollen hydrogel at ambient temperature and W d is the dry weight of the hydrogel.
-Measurement of deswelling kinetics
The deswelling kinetics of hydrogels was measured gravimetrically at 60 °C. The hydrogel samples were first immersed in distilled water at 25 °C until equilibrium was reached. Then, the equilibrated hydrogels were quickly transferred to distilled water or pH buffer solutions of 60 °C. At specified time intervals, the samples were removed from the hot water and weighed after wiping off the excess surface water with moistened filter paper. The average value of three measurements was taken for each sample, and the swelling ratio (SR) is defined as follows:
Swelling ratio: SR=(W t -W d )/ W d ;
where W t is the weight of hydrogel at regular time intervals, W d is the weight of the dry gel.
-Measurement of reswelling kinetics
The kinetics of reswelling of gels was measured gravimetrically at 25 °C. Before the measurement, the hydrogel samples were freeze-dried for 24 hours. The weight changes of gels were recorded during the course of reswelling in distilled water after blotting the excess surface water at regular time intervals. The swelling ratio (SR) is defined as follows: 
